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Flux pinning and anomalous magnetization peak of heavily overdoped
Bi22xPbxSr2CaCu22yCryO81d @Cr-doping ~Bi, Pb!-2212# single crystals are investigated by means
of magnetization measurements with the magnetic field parallel to the c axis. Compared with
undoped Bi2Sr2CaCu2O81d ~Bi-2212! and Pb-doping Bi22xPbxSr2CaCu2O81d @~Bi, Pb!-2212#
single crystals, the irreversibility line of Cr-doping ~Bi, Pb!-2212 single crystals is pronouncedly
shifted to high temperatures. The anomalous magnetization peak H2p with maximum peak field near
8000 G is observed. The H2p exhibits strong temperature dependence from 0.19 to 0.93Tc . The
temperature dependence of H2p can be explained according to vortex decoupling theory. The
improved flux pinning may originate from reduced anisotropy due to Pb doping and a sufficient
number of effective pinning centers due to the random Cr substitution on the Cu site. © 2000
American Institute of Physics. @S0003-6951~00!04625-8#Among the high temperature superconductors ~HTS!,
although Bi-system superconductors, including
Bi2Sr2CaCu2Oy ~Bi-2212! and Bi2Sr2CaCu3Oy ~Bi-2223!, are
the only possible materials currently utilized for wire appli-
cations at high temperatures up to 77 K, their poor perfor-
mance under magnetic fields still prevents their extensive
high-field applications at high temperatures. Therefore, an
improvement in the flux-pinning capability is a main require-
ment for the high field application of HTS. For HTS there
exists an anomalous increase in Jc at an intermediate mag-
netic field due to the appearance of an anomalous magneti-
zation peak H2p when an applied magnetic field is parallel to
the c axis of crystals. H2p phenomenon has been observed in
many HTS.1–15 At present, although the origin of H2p of
HTS has not been completely elucidated, possible utilization
of H2p for practical applications seems to be attractive be-
cause the location of H2p in H–T phase diagram has a direct
influence on the location of irreversibility line ~IL!.
In order to enhance the critical current density (Jc) un-
der applied fields and Hirr of Bi-system superconductors,
many attempts, such as heavy ion irradiation, etc., have been
put forward. While heavy ion irradiation is known to en-
hance Hirr and Jc considerably in Bi-system
superconductors,16,17 their degradation of pinning properties
is still significant at high temperatures due to their large elec-
tromagnetic anisotropy. A potentially promising method is to
reduce the large electromagnetic anisotropy of Bi-system su-
perconductors because many experimental studies have
shown that the anisotropy of HTS plays a crucial role in
determining the position of IL on the H–T phase diagram.
Recently, one find that the anisotropy of heavily Pb
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compared to Pb-free Bi-2212 single crystals.8,18–21 Very re-
cently, Yu et al. found that the partial substitution of Cr for
Cu can enhance Jc of ~Cu, Cr!Sr2 Can21 CunO2n13 (n
52,3) superconductors.22 In order to enhance further the flux
pinning properties of Bi-system superconductors at high tem-
peratures, in this article, we report the effect of the partial
substitution of Cr for Cu on the flux pinning and H2p of
Bi-2212 single crystals with the simultaneous heavy Pb dop-
ing.
Partial Pb, Cr-substituted ~Bi, Pb!2Sr2Ca~Cu, Cr!2O81d
single crystals were prepared by the conventional self-flux
method. The starting oxide powders were weighted accord-
ing to the proportion of Bi:Pb:Sr:Ca:Cu:Cr
51.6:0.8:2:1:1.99:0.01. The as-grown crystals are black
and shiny platelets with typical dimension of 2.231.5
30.02 mm3. The single crystals were postannealed at 500 °C
in air for five days to ensure sample homogeneity. The actual
Pb and Cr content was determined via a large area energy-
dispersive x-ray ~EDX! analysis with typical crystal compo-
sition of Bi:Pb:Sr:Ca:Cu:Cr51.65:0.79:2.1:1:1.96:0.01.
Magnetic susceptibility M~T!, magnetization M~H! measure-
ments with an applied field H parallel to c axis were carried
out using a superconducting quantum interference device
~SQUID! magnetometers. The irreversibility temperature Tirr
is determined according to the magnetization measurement
M~T! under different applied fields with Hic axis in so-
called zero-field-cooling ~ZFC! and field-cooling ~FC! pro-
cess using their superimposing point.
X-ray diffraction ~XRD! measurements as shown in Fig.
1~a! reveal that only the (00l) peaks with c53.0794 nm can
be observed and no extra peaks can be found from secondary
phases even when the diffraction intensity is plotted logarith-5 © 2000 American Institute of Physics
cense or copyright; see http://apl.aip.org/about/rights_and_permissions
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Downmically as shown Fig. 1~b!. Sharp supercondcuting transition
of Tc568 K with transition width DTc;2 K under the ap-
plied field of 1 G is observed for studied single crystal as
shown inset of Fig. 1~a!. Compared with heavily Pb doped
Bi-2212 single crystals with Tc569 K, the Cr doping has
little effect on Tc . Isothermal magnetization data were ob-
tained with zero-field-cooled ~ZFC! from above Tc to the set
temperature. Half magnetic hysteresis loops M~H! with Hic
axis at 15 and 25 K are shown in main panel of Fig. 2 and
half magnetic hysteresis loop at 62 K is shown inset of Fig.
2. The anomalous second peak H2p can be clearly observed
from 15 K up to 62 K as shown of arrows in the main panel
and inset of Fig. 2. At lower temperature of 13 K and higher
temperature of 63 K, a small H2p of 7800 and 85 G can still
be detected ~not shown here!, respectively. For T,13 K and
T.63 K, H2p is already difficult to resolve.
To compare with Bi-2212 and heavily Pb doped Bi-2212
single crystals, their H2p~T! and Hirr~T! are plotted in the
same figure with the Cr-doping ~Bi, Pb!-2212 single crystal,
as shown in Figs. 3~a! and 3~b!, respectively. Figure 3~a!
reveals that there is a narrow H2p temperature window
(0.22– 0.42Tc) and almost temperature independent H2p
around 650 G for Bi-2212 crystals with Tc588 K, which is
similar to the results reported in the literatures.4–7 However,
appreciably different from Bi-2212 crystals, for the Cr-
doping ~Bi, Pb!-2212 crystal with Tc568 K, H2p~T! shows a
strong temperature dependent in a wider temperature range
of 13–63 K (0.19– 0.93Tc), which is very similar to heavily
Pb doped Bi-2212 single crystals. This observation of H2p in
such wide temperature range for Bi-2212 crystals has not
been reported so far besides in heavily Pb doped ~Bi, Pb!-
2212 crystals.21
As to H2p~T!, there has been no consensus about its
origin and it remains unclear to what extent a single under-
lying mechanism might be responsible in all HTS. For Bi-
2212 crystals, the narrow temperature window makes it dif-
ficult to analyze the nature of H2p . For the Cr-doping ~Bi,
Pb!-2212 crystal, we can rule out that the dimensional cross-
over model in the vortex structure is the origin of H2p be-
cause it predicts a temperature-independent crossover fields,
Hcr5f0 /(gs)2 as Josephson coupling between Cu–O layers
is the dominant coupling mechanism ~i.e., gs,lJ) and Hcr
FIG. 1. ~a! X-ray diffraction ~XRD! patterns of the Cr-doping ~Bi, Pb!-2212
single crystal. ~b! Diffraction intensity is plotted logarithmically vs 2 u
angles. Inset: the temperature dependence of magnetization of the Cr-doping
~Bi, Pb!-2212 single crystal with H51 Gic axis under the ZFC.loaded 07 Oct 2010 to 140.114.136.38. Redistribution subject to AIP li5f0 /lab
2 (0) as the electromagnetic coupling between Cu–O
layers is the dominant coupling mechanism ~i.e., gs,lJ),
where g is a anisotropic parameter, lJ is Josephson length,
lab(0) is in-plane penetration depth at zero temperature, and
s for CuO2 interlayer distance.23,24
FIG. 2. Half magnetic hysteresis loops M~H! of the Cr-doping ~Bi, Pb!-2212
single crystal with Hic axis at 15 and 25 K. Inset: half magnetic hysteresis
loops M~H! at T562 K. The arrows indicate the location of anomalous
magnetization peak H2p .
FIG. 3. ~a! The temperature dependence of anomalous magnetization peak
H2p~T! of the Bi-2212, Pb-doping ~Bi, Pb!-2212 and Cr-doping ~Bi, Pb!-
Bi2212 crystals. The solid line corresponds to the fitting by using
H2p~T!5H2p
0 (Tc /T21), with the fitting parameters H2p0 and Tc . ~b! The
semilogarithmic behavior of irreversibility field Hirr(T/Tc) for Bi-2212,
~Bi, Pb!-2212 and Cr-doping ~Bi, Pb!-2212 crystals. The dash lines are
guides to the eyes only.cense or copyright; see http://apl.aip.org/about/rights_and_permissions
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DownWe find that the temperature dependence H2p ~T! can
be fit according to the vortex decoupling theory.25 For HTS
with a moderate anisotropy parameter g with jab /s!g
!lab /s , where jab is in-plane coherence length, lab is
in-plane penetration depth, and s for CuO2 interlayer dis-
tance, Daemen et al. calculate the decoupling line in a
Josephson-coupled layered superconducting system in a self-
consistent manner.25 They consider the renormalization
of the Josephson coupling by thermal fluctuation and static
disorder, and obtain the decoupling fields as Hd
5F0
3@16p3ekBm0sg2Tlab
2 ~T!# , here, F0 is flux quantum,
e52.718..., kB the Boltzmann constant, and m0 the perme-
ability of free space. Based on mean-field temperature de-
pendence for lab
2 ~T!5lab
2 (0)/(12T/Tc), the decoupling
field Hd , i.e., H2p , can be expressed as
H2P~T !5H2p
0 S TcT 21 D . ~1!
The solid line in Fig. 3~a! represents a fit to Eq. ~1! with
fitting parameters H2p
0 51085 G and Tc567.5 K. Clear-
ly, the theoretical curve gives a remarkably good descrip-




2 (0)# , using lab(0)5260 nm26
and s5c/2;1.540 nm, an anisotropy parameter g539.5 is
obtained, which is very close to the value of the ~Bi, Pb!-
2212 single crystal21 and also near the value derived from
single crystal resistivity measurement,27 however, it is re-
markably lower than that of Bi-2212 crystals (g.100).28,29
It also demonstrates that the Cr doping has almost no effect
on the anisotropy of ~Bi, Pb!-2212 superconductors. This
result also supports our conclusion obtained previously,
H2p~T! in heavily overdoped ~Bi, Pb!-2212 single crystals
seems to originate from the thermal-disorder-induced inter-
layer pancake vortex decoupling.21
From Fig. 3~b!, we find the IL of the Cr-doping ~Bi,
Pb!-2212 single crystal shifts to high temperatures compared
with Bi-2212 and ~Bi, Pb!-2212 single crystals. Compared
with the Bi-2212 single crystal, we think that the improve-
ment of the flux pinning property of the Cr-doping ~Bi, Pb!-
2212 single crystal is ascribed to the enhancement of pan-
cake vortex coupling between Cu–O bilayers due to the
decrease of the anisotropy originating from the enhancement
of the electrical conductivity of Bi–O layer between adjacent
Cu–O bilayers, referred as the charge reservoir layer or
blocking layer, caused by Pb doping and the introduction of
the effective pinning centers due to the random substitution
of Cr for Cu. Compared with the ~Bi, Pb!-2212 single crys-
tal, we think that the improvement of the flux pinning prop-
erty of the Cr-doping ~Bi, Pb!-2212 single crystal may
mainly originate from the introduction of effective pinning
centers due to the random substitution of Cr for Cu. Because
the random substitution of Cr for Cu can introduce excess
oxygen and copper vacancies in the ~Cu, Cr!–O plane,30
these structural defects may act as effective pinning
centers.22 Due to the similarity in the crystal structure be-
tween Bi-2212 and Bi-2223, the simultaneous Cr-doping ac-loaded 07 Oct 2010 to 140.114.136.38. Redistribution subject to AIP licompanying heavily Pb doping may be also a potential
promising method to improve the flux pinning property of
Bi-2223 silver sheathed tapes. This work is in progress.
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